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(54) All-optical timing recovery 

(57) Optical timing detection, for phase comparison 
of optical signals, or clock recovery is achieved by ar- 
ranging an Interferometer to be responsible to data tran- 
sitions. A pulse train is fed Into both arms dl the inter- 



ferometer. An optical amplifier (20) enables the Interfer- 
ence condition to be changed when the data is fed into 
one arm. The output changed if the data transitions lose 
synchronisation with the pulse train. 
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Description 

Field of the Invention 

The invention relates to interferometer arrange- s 
ments, clock recovery devices, phase detectors, meth- 
ods of detecting data transitions, methods of recovering 
clocks, and methods of comparing phases. 

Background to the Invention 10 

In any digital transmission system, It is necessary 
to recover the timing of the informatkxi being sent Often 
it is conskiered inefficient to sent a separate ckx:k sig- 
nal, and so it is necessary to recover the timing from the is 
data signal itself. In optcal transmission systems this Is 
usually done after conversk>n into electrkral form, using 
one of two methods. 

Firstly, a phase locked loop can be used to kx:k a 
separately generated ckxk to transittons in the data sig- 20 
nal. Short perkxis where there are no transitions in the 
Incoming data signal are brkjged by the ckx:k generator, 
whk:h needs to be sufficiently stable. 

Secondly, the incoming data can be filtered to ex- 
tract a ckx:k signal. In this case a resonant filter will be 2S 
necessary, to fill in perkxte where there are no transi- 
tions. Furthermore, if the data is coded in non return to 
zero (NRZ) code for example, there may be substantial- 
ly zero energy at the ckx:k frequency. In these cases, a 
non-linear operatkxi such as a squaring f unctkyi is nec- 30 
essary to create a response, preferably a peak, at the 
clock frequency. A nanow band resonant filter can then 
be used to extract the clock frequency 

In optk:al transmission systems, such ckx:k recov- 
ery arrangements have been used in regenerators and ss 
in receivers. However, electronk: devices become ex- 
pensive at high data rates, partkxilarly when there is no 
other requirement for optical to electrical converskxi. 

There have been many attempts to irr^lement more 
and more regenerator or receiver circuitry in optk»l form 40 
for improved performance or reduced cost. It is known 
to achieve a non linear function using an optical to elec- 
trrcal converskjn device, then extract the ckx:k frequen- 
cy with a filter. 

An early all optical regenerator is known from US 5 ^ 
446 573 using a non linear ring resonator comprising a 
semi conductor laser and phase nrxxJulators. However, 
it is diffk:ult to make a practical device or integrate the 
arrangement. 

Partly optk^al regenerators are known, where latch- so 
ing of the optk:al data input is carried out optk:ally, fol- 
lowing conventior«l electrical ckxk recovery. Optical 
clock recovery circuits were restricted to the use of 
node-locked laser arrangements, eg as shown in US 5 
548 433. As shown in figure 1, a coupler 1 is used to ss 
couple an Input optical data signal to a laser 2. The 
phase and frequency of an output pulse stream is locked 
to the input, since the laser acts as a resonant narrow 



band filter. However, such methods are limited to use 
with optical data signals such as return to zero (RZ) cod- 
ed signals which have sufficient energy at the ckx:k fre- 
quency, unlike NRZ coded signals. Most high capacity 
optical transmisskxi systems use NRZ coding. 

Another arrangement which is limited to use with 
RZ coded signals is known from US 5 574 588. An op- 
tical phase kx:ked loop is created by detecting correla- 
tion between the input signal and a new ckxk signal by 
combining them and passing them through an optical 
amplifier. US 5 504 61 0 shows achieving such an optical 
locked loop using an optical mixer to multiply two inputs. 
This correlatkxi process requires that substantial ener- 
gy be present in the data at the clock frequency 

One document which tries to address the llmltatk>n 
to RZ coded signals is US 5 434 692, which disck>ses 
a device for use with NRZ, CMI (Code. Mark Inverskxi) 
and biphase coded data. First, a passive filter delay 
interferometer is used to lineariy add the input data to 
Itself. The fibre 10 needs to be lengthy In high bit rate 
systems, probably many kilometres, to avokJ beat noise. 
A three level signal is produced, whk:h drives an optical 
amplifier 11 for am to pm conversksn. 

This, together with a narrow band filter 12, give a 
non linear funct»n whbh produces a response at the 
ckx:k frequency. A resonant filter 1 3 can then extract the 
ckx:k. 

Such a device is not practicable for commercial data 
transmisston systems because it is bit rate specific, im- 
possible to integrate, and difficult to tune. The narrow 
band filtering element in particular wouki require plezo 
electrk: devices for tuning, which are insufficiently relia- 
ble for fiekj use. Furthermore, for each different type of 
coding, the XOR k>g»al operation would need to be 
changed. 

Sumnwrv of the Invention 

It is an object of the inventk>n to provide improved 
devk»s and methods. 

According to a first aspect of the Inventbn, there Is 
provided an interferometer arrangement comprising an 
interferometer for receiving an optical signal modulated 
with data to vary an interference condition of the inter- 
ferometer according to the data such that an output of 
the interferometer based on the Interference conditbn 
is responsive to transitions in the data. By using an inter- . H 

ferometer in this way, the timing of the transitions can 
be determined optically, without conversion to electrical 
form, independently of the type of coding used for the 
data. Furthermore, the arrangement can be produced in 
integrated form. 

Advantageously, the interferometer is a two arm 
type. This type is easier to integrate, easier to control, 
and can handle a range of bit rates. 

Advantageously, the arrangement comprises 
means for biasing the Interferometer to give a peak out- 
put when the data is at an intermediate state between 
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low and high states. This enables the response to the 
interferometer to be adjusted as desired. 

Advantageously the interferometer arrangement is 
used in a clock recovery arrangement. This enables 
clock recovery independent of data coding without con- s 
version of the data into electrical form. 

Advantageously, the interferometer is arranged to 
receive the generated optical ckxk, and the interferons- 
eter output is dependent on the relative phases of the 
generated optical ck>ck and the transitkxis in the optk:al 10 
data signal. This enables a phase lock loop to be con- 
structed, in which the high bandwkith parts at least are 
implemented in optical form. 

Advantageously, the ckx:k recovery arrangement is 
used with an optkal sampler to retime an optical signal, is 
This enables a practical all optical regenerator to be cre- 
ated capable of handling different types of data coding. 
Optical retiming may also be useful at a transmitter end 
or receiver end of the optical path. 

According to another aspect of the invention there 20 
Is provkied a clock recovery devrce for recovering a 
clock from an optical data signal, the device comprising: 

a phase kx:ked kx)p; wherein . 

the loop comprises an interferometer arrangement; 2S 

and 

the device is arranged to recover the clock optk:ally 
from the optical data signal. 



nals, a resonant stage require some sort of pre-process- 
ing. The provision of an optical pre-processing stage 
which can be integrated with a resonant stage enables 
a practical optical clock recovery device to be achieved. 

According to another aspect of the invention there 
is provided a method of detecting data transitk)ns in an 
optical data signal using an interferometer arrangement 
comprising the steps of: 

inputting the optical data signal to the interferometer 
arrangement to vary an interference condition of the 
arrangement; and 

biasing the arrangement to output a signal respon- 
sive to the transitions in the data. 

According to another aspect of the invention there 
is provided a method of recovering a clock from an op- 
tical signal nrxxlulated by coded data by performing a 
non-linear optnal operation on the data so as to enable 
the ckx:k to be recovered independently of the type of 
coding used for the data. Performing a non-linear optical 
operation on the data, such as those described above, 
enables ckx^k recovery to be achieved without conver- 
sk)n to electrk:al form, and thus the hardware require- 
ments can be simplified. 

According to another aspect of the invention there 
is provided a method of recovering a ck>ck from a mod- 
ulated optbal signal comprising the steps of: 



An interferometer based phase locked kx)p enables so 
clock recovery to be achieved optically, and for a variety 
of data coding types. 

Advantageously, the interferometer arrangement is 
responsive to the transactions in the data. 

According to another aspect of the inventk>n there 3S 
is provkJed a phase detector for comparing the phase 
of nrxxlulatkxi of two input signals comprising: 

an optical comparator for receiving the two input 
signals in optical form, performing a non-linear opera- 
tkxi on the signals, and outputting a signal dependent 40 
on the relative phase of the modulatkxis of the two input 
signals. 

Advantageously the phase detector comprises 
means for distinguishing a difference frequency of the 
comparator output, from other beat products of the mod- 4S 
ulatbns. The difference frequency contains the useful 
information on the two input signals. 

Advantageously the distinguishing means compris- 
es a tow pass fitter. This can be implemented relatively 
easily. so 

According to another aspect of the inventkxi there 
is provided a clock recovery device comprising an opti- 
cal pre-processing stage for processing an optical data 
signal; and 

a resonant stage for outputting a clock in response ss 
to an output of the pre-processing stage; wherein the 
two stages are integrated together. 

To recover a clock from a range of optical data sig- 



using an interferometer to perform a non-linear op- 
eration on the modulation of the optical signal, and 
filtering the output of the operatbn to recover the 
ckx:k. 

Using an interferometer to perform a non-linear op- 
eration enables a variety of data coding fomnats to be 
handled and enables integration, to reduce costs. 

According to another aspect of the invention there 
is provkied a method of recovering a clock from an op- 
tical data signal, comprising the steps of: 

inputting the optical data signal to an interferometer 
comprising an optically active element; and 
deriving a ck)ck synchronised to the data signal. 

Advantageously the interferometer comprises a two 
arm interferometer. 

According to another aspect of the invention there 
is provkJed a method of comparing the phases of nrxxi- 
ulations of two input signals comprising the steps of: 

inputting the signals in optical form to an optical 
comparator; 

performing a non-linear operation on the signals; 
and 

outputting a signal dependent on the relative phase 
of the modulations. 
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Preferred features discussed above may be com- 
bined as appropriate, as would be apparent to a person 
skilled in the art. They may be combined with any aspect 
of the invention as appropriate. 

Brief Description of the Drawings 

For a better understanding of the invention and how 
the same may be can-led into effect, it will now be de- 
scribed by way of example with reference to the draw- 
ings, in which: 

Figure 1 and figure 2 show prior art arrangements; 
Figure 3 shows an interferometer arrangement ac- 
cording to an embodiment of the invention; 
Figure 4 shows waveforms for the interferometer of 
figure 3 operating as a sampler; 
Figure 5 shows an optical clock recovery arrange- 
ment for use in synchronising the sampler of figures 
Sand 4; 

Figure 6 shows in schematic form a phase compa- 
rator for use in the clock recovery arrangement of 
figure 5; 

Figure 7A shows waveforms for the interferometer 
of figure 3 when operating as part of the phase com- 
parator of figure 6; 

Figure 7B shows the response of the phase com- 
parator, 

Figure 8 shows another optk:al ckx:k recovery ar- 
rangement; 

Figure 9 shows a non-linear functk>n for use in the 
optical ckx:k recovery arrangement of figure 8; 
Figure 10 shows a phase comparator with common 
mode cancellation for use in the ckxk recovery ar- 
rangement of figure 5; 
Figure 11 shows an optical regenerator; 
Figure 1 2 shows the optk»l regenerator of figure 11 
in more detail; 

Figures 13 and 14 show multiplexers; 
Figures 15 and 16 show demultiplexers; 
Figures 1 7 to 20 showaltemative interferometer ar- 
rangements for use in sampling or ckx:k recovery; 
Figure 21 shows a two stage interferometer ar- 
rangement; 

Figure 22 shows the response of a single inverting 



Figure 23 shows the ovefail response for two stag- 
es; and 

Figure 24 shows wavefoms for the arrangement of 
figure 21 operating as a sampler 

Detailed Description 

With reference to figure 3, whk:h shows features of 
the invention, an interferometer arrangement is shown 
including a phase shift means 20. An optnal pulse train 
is input at one side of the interferometer. Optical data is 
input at either skie of the interferometer, but to only one 



arm of the interferometer, so as to after the conditkxi of 
interference of the interferometer. Thus the output of the 
ffiterferometer, constituted by a combination of the op- 
tical signals in each arm. will depend on whether the op- 

s tical signals from the two arms combine with construc- 
tive interference or destructive interference. The phase 
shift means 20 can be arranged so that there is con- 
structive interference when the data is high. Aftemative- 
ly, the arrangement can be nnade in inverting form, so 

10 that there is constructive interference when the data is 
low. Alternatively, the peak output, where there is con- 
structive interference can be arranged to coincide with 
the data beam at some point in-between high and k>w 
levels. 

IS Figure 4 shows input and output waveforms for the 
interferometer of figure 3 operating as a sampler. In this 
case, a pulse train A is input to both arms of the inter- 
ferometer. Data in optical form is input to one of the 
arms. The phase shift nrteans 20. typically implemented 

20 using a semiconductor optical amplifier, causes a phase 
shift in one arm, which results in the output waveform C 
of figure 4. For high levels of the data input signal, the 
pulse train is output in a similar form to the pulse train 
Input, owing to constructive interference. Where the da- 

25 ta level is low, owing to destructive interference, there 
is little or no output. Accordingly, effectively the output 
can be seen as the pulse train input modulated by the 
data, or it can be seen as samples of the data, sampled 
by the input pulses. 

50 In principle, various types of non-loop interferom- 
eter could be used. The Mach-Zehnder type nnay be 
easiest to integrate and give best results in terms of sta- 
bility and ease of tuning. In principle, a Mk;helson type 
interferometer couM also be used. 

3S Figure 3 shows the data t>eing fed in the interferom- 
eter in the opposite directbn to the pulse train. This 
means the arrangement is simpler because the data 
does not need to be filtered out of the output. In principle 
the data coukJ be fed into the Interferometer in the same 

^ directkm as the pulse train. In which case filtering would 
be needed to remove the data signal from the output. 

Three types of applrcations will be described for the 
arrangement illustrated in figures 3 and 4. The first and 
second relate to optk^l ckxk recovery. The third type 

^ relates to sampling a signal to regenerate it optk^ally 
without conversion to electrical form. 



50 



Clock Recovery Applications 



Figure 5 shows an optical clock recovery arrange- 
ment 50 including a phase comparator 51 , a clock gen- 
erator 52, and a phase kx>p filter 53. Conventionally, 
such an arrangement has been produced for electrical 
signals, but it has been possible to achieve an optical 
55 phase comparator only suitable for operation with opti- 
cal signals on whfch the data Is coded in RZ form. 

In the ckxik recovery arrangement of figure 5, the 
phase comparator receives the optical data input signal 
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and an optical clock generated by the generator 52. Ow- 
ing to the inbuilt stability of such generators, the loop 
filter 53 can operate effectively with a bandwidth much 
lower than that of the optical data signal. Accordingly, it 
is feasible and less expensive to innplement the clock s 
phase control and the ckxk generator in electrk:al fomi, 
and convert the electrical clock to optk:al form before 
input to the phase comparator. 

The optical phase comparator 51 is shown in sche- 
matk: fomri in figure 6. An interferometer 61 Is provided io 
for modulating the ck>ck with the optical data. The inter- 
ferometer is biased to give a peak output when the data 
is somewhere between high and k>w states, and a re- 
duced output at the high and low states. This enables 
the interferometer to be responsive to data transitk>ns, is 
and thus determine timing of pulses optically The inter- 
ferometer may be arranged as shown in figure 3. 

Figure 7A shows the typk:al waveforms when the 
interferometer is used as a phase comparator, arranged 
to give peak output when the data is halfway between 20 
high and tow states. As a result, if the phase of the clock 
drifts so as to take the ctock pulses out of synchronisa- 
tion with the data, the output peaks shown in waveform 
C of figure 7A wouki become changed in amplitude. Re- 
ferring back to figure 6, the output pulse train woukJ be ^ 
passed through integration and tow pass filtering func- 
tions 62. These wouto enable the phase comparator out- 
put to be independent data patterns since there will 
be an averaging effect. 

In practce this can be implemented by a PtN dtode 30 
whtoh would output a tow speed electrtoal signal, typi- 
cally with a bandwidth of up to hundreds of KiloHertz or 
a few MegaHertz, which can be fed back as shown in 
figure 5 to the toop filter 53. which Is an anatog tow pass 
filter. The output di the filter is connected to the frequen- 3S 
cy control of the oscillator. Thus a change in the ampli- 
tude of the pulses from the interferometer coukJ be de- 
tected as a change in the level of the integrated filtered 
output of the PIN dtode, which coukJ cause the frequen- 
cy of the oscillator to adjust to compensate. Such phase 40 
tocked toop methods are well known and will not be de- 
scribed here in more detail. 

The output of the tow frequency optical to electrtoal 
converter is the convolution of the power in these pu Ises 
with its impulse response. For conceptual simpltoity, this 4S 
can be thought of as approximately the integral ol the 
power in the pulses over a response time of many thou- 
sands of pulses. Thus data with uneven amounts of 
ones and zeroes can be handled , provkJed ftuctuattorts 
in the proporttons of ones and zeroes doni have appro- so 
ciable components at frequencies betow the threshold 
of the converter. 

The pulses output by the interferometer will be the 
strongest when the clock input pulses coincide with the 
data being at the 50% cross-over point, and will fall off ss 
with the cosine function as the data approaches a 1 or 
0 symbol. 

In practice the input data will not have a square 



waveform but may approach a raised cosine shape. In 
such a case the overall response of the phase detector 
after integratton by a low pass filter is shown in figure 7B. 

The phase tocked loop is advantageously locked to 
the 0.5 level of the phase detector output, and optical 
delay used to obtain the desired ctock to data phase. 
Locking to the 0.5 level of the detector output gives the 
maximum control range (between 0 and 0.5 unit inter- 
vals of relative phase), and uses the steepest stope on 
the response curve, for strong feedback of phase error 

The ctock pulses are preferably generated at the full 
bit-rate, though sub-harmonics could be used. 

Careful design and adjustment of the interferometer 
will enable maximum output, inverting or otherwise, 
when the data signal is in transition between togical 
states. In principle such transitton couto be between 
multilevel togic states. For two level logto the interferom- 
eter shouM give maximum output when the data signal 
has a power amplitude of 50% of the eye. To achieve 
this, the relative phase shift between the arms and the 
amount of phase shift whtoh occurs in response to the 
opttoal data input, can be adjusted. In practtoe, ampli- 
tude saturation effects may also need to be considered. 
The optical power m the data input may cause the gain 
of the optical shift means to be altered or reduced. Tfiis 
also affects the condition of interference, and will need 
to be accounted for when designing the interferometer 
An ideal response, ignoring gain effects, and for a nar- 
row ctock pulse, much narrower than the bit pertod, is 
proportional to the foltowing equatton: 

cos(ii signal(nT+<^))+1 
2 

where ^ is the phase of the ctock pulse, 

T is the bit pertod, 
n is an integer, 

and signal is the aveiBge power of the data, 
weighed over a clock pulse, 
centred at that time. 

In this way, a phase comparator can be implement- 
ed which enables the ctock to be recovered indeperKl- 
ently of the type of coding used for the data. In particular, 
it can operate on NRZ data, as used in rnost high bit rate 
optical transmisston systems. aUf-' "iwx. 

Figure 8 illustrates the second optical ctock recov- 
ery arrangement 70. comprising a non-linear functton 
operating on the optical data, 71 , foltowed by an optical 
narrow band filter 72 to extract the clock frequency. The 
use of a non-linear function enables the ctock to be re- 
covered from data such as NRZ data for whtoh there is 
little energy at the clock frequency. The non-linear func- 
tion creates a response at the ctock frequency. 

Figure 9 shows how the non-linear function 71 can 
be implemented by an interferometer 80, arranged as 
in figure 3. Instead of an input optical pulse train, be- 
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cause there is no separately generated clock, continu- 
ous wave light is input. This is modulated by the optical 
data, and the interferometer is biased to give a peak out- 
put at data transitkyis, as described above in relation to 
figure 7. If an optical pulse is output for each data tran- 
sition, by the non-linear function 71 , the optical narrow 
band filter 72 shown in figure 8 can be used to renrK>ve 
all but the ckck frequency. Preferably the optical narrow 
band filter is implemented by a means of a nrxxie-bcked 
laser, although alternative implementatk)n8 are conceiv- 
able. 

For systems where there are problems such as level 
variations, or data patterning, that create excessive Jit- 
ter, then the arrangement of figure 1 0 can be used. The 
difference between outputs of two samplers 91 , 92, op- 
erating as phase comparators, are subtracted to cancel 
common nrKxJe effects. A delay element 93 is prcvkied 
to delay the clock input of one of the phase comparators. 
The delay can be arranged to be such that there is a 
minimal response from one of the connparators when the 
other is giving a peak output. Thus the outputs of the 
samplers 91 , 92, are integrated and filtered by optical to 
electrical converters 94 and 95. A subtractor 96 and k>w 
pass filter 97 can be used to derive an oscillator tuning 
signal from whk:h common mode effects have been can- 
celled out. 

Optical Regeneration and Other Appllcattons of 
Optical Sampling 

The optbal clock recovery circuits discussed above 
can be used in receivers or regenerators. They can be 
used in conjunctk>n with electrical signal reshaping and 
retiming, or used with optical retiming and reshaping 
f unctk>ns, to create an all optical regenerator, as shown 
In figure 1 1 . Sampler 100 is fed by the output of the op- 
tical ckx:k recovery function 1 01 . A similar arrangement 
may occur at a receiver, where the optical sampler 100 
is used for retiming and reshaping the optcal data prior 
to conversnn to electrical form, and subsequent 
processing such as demultiplexing. 

Figure 1 2 shows the optical regenerator of figure 1 1 
in more detail. The sampler 100 comprises an interfer- 
ometer, biased to give maximum output when the data 
input is in a given logical state. The optical recovery cir- 
cuit 101 also comprises an Interferometer, this time bi- 
o^ased to produce a peak output on data transitions, to 
enable It to function as a phase comparator. A semicon- 
ductor optical amplifier 102 acts as the optically active 
element for changing the interference conditnn of the 
interferometer, according to the data signal fed into the 
same arm of the interferometer. Phase shift means 103 
is provided for biasing the interferometer to achieve the 
desired function. A low pass filter 104 and optical clock 
105 complete the phase locked kx>p, to kx:k the optk:al 
ckx:k to tiie transttkxis in the data. 

In the sampler 100, a semiconductor optical ampli- 
fier (SOA) is again provided to alter the interference con- 



dition according to the data signal, and phase shift 
means 107 is provided to bias the interferometer to 
achieve the sampling function. 

In this way, an all optical regenerator can be 

s achieved capable of handling NRZ data and capable of 
being integrated for cost effective regeneration, partic- 
ularly suitable for higher bit rate transmisskxi systems 
where electrical regeneration becomes more difficult 
and expensive. 

10 Figure 13 and 14 show applications of the optical 
sampler as illustrated in figure 12 or In figure 3, in mul- 
tiplexer arrangements. 

Figure 13 shows a multiplexer arrangement in 
which multiplexing is carried out by optical or electrical 

IS multiplex means 110, and then an optical sampler 111 
is provided to retime and reshape the combined signal, 
for onward transmlssbn. Synchronisation is provided by 
ckx^ks 112. Two ckx:ks could be provided to the multi- 
plexer 1 1 0 to switch the two incoming data streams ap- 

20 propriatefy to enable time division multiplexing. This 
couki be on the basis of a bit Interleave scheme, though 
other well known schemes are conceivable. Although 
only two data inputs are shown, obviously there couki 
be more. 

^5 An alternative multiplexer arrangement using the 
optical sampler described above, is shown in figure 14. 
An optical sampler 1 1 1 is provided for each of the optical 
data inputs to be multiplexed. Separate ck)cks are pro- 
vkied for each sampler so as to sample each optical data 

30 input at a different time interval. The mutually out of 
phase output samples can then be combined optk:ally 
to produce a single multiplexed optical data output 
stream. 

Figures 15and 16 show corresponding demultiplex- 
es ing arrangements using the optical sampler described 
above. In figure 15 the sampler 111 is used to retime 
and reshape the Incoming optical data stream. This en- 
ables the optical or electrical demultiplexer 1 20 to be of 
lower performance specfficatk)n, since it is fed with a 
40 clean optical signal with little jitter. 

Figure 16 shows an alternative arrangement, in 
which multiple optical samplers 111 are fed with the 
same input data stream. Separate clocks are provkJed 
for each sampler so that samples are taken at different 
45 times by different samplers. This enables the time dlvi- 
skxi multiplexed data to be separated out. 

In principle, the demultiplexer arrangements of fig- 
ures 1 5 and 1 6 could be used to decode multilevel logk: 
signals. Different samplers could be biased individually 
so so as to give a maximum output for different amplitude 
levels. 

Interferometer Operation and Arrangements 

ss As an alternative to the interferometer arrangement 
shown in figure 3, figure 17 shows an arrangement in 
which the optically active element, the optical amplifier 
is provided in both arms of the interferometer. This 
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makes it easier to balance the Interferometer. In princi- 
ple, the Interference condition of the interferometer, and 
therefore the response at the output, is dependent on 
the amplitude of the modulation of the optical waveform, 
and on the phase of the optical waveform in each arm, 
ignoring polarisation effects. The optical amplifiers 130 
and 1 31 In figure 17 can alter the interference condition. 
When data is input to the arm containing optical amplifier 
1 31 , the interference condition will be changed because 
the optical amplifier has an amplitude to optical phase 
conversion effect, ideally, the pulses Input to both arms, 
are sufficiently short and have sufficiently low energy 
that the SOA does not react much to the pulses. How- 
ever, the SOA should have a sufficiently rapid response 
time to react to the data waveform. The pulses input to 
both arrr^ of the interferometer can therefore be very 
narrow, as there is no limit imposed by the speed of the 
response of the SOAs. Furthermore, it is relatively easy 
to generate very narrow light pulses, on the order of sev- 
eral picoseconds or less. 

Construction of an integrated Mach-Zehnder inter- 
ferometer for use with high bit rates and with good per- 
fomnance characteristics is described in IEEE Photonics 
Technology. Volume 8, September 1996 Ten Gbs 
Wavelength Conversion With Integrated Multiquantum- 
Well-Based Three-Port Mach-Zehnder Interferometer" 
by Idler et al. The structure )s grown by low pressure 
metal organic vapour phase epitaxy. The device de- 
scribed can be used either for outputting Inverted or non- 
inverted data, with respect to the signal Input data. Al- 
though it is describedforthe purpose of wavelength con- 
version, based on inputting a continuous wave Into bc^h 
arms of the interferometer, such a device could be used 
for the application as described above. 

Figure 18 shows an alternative anangement in 
which a continuous wave bias is fed in in addition to the 
input pulses. This enables the operating point of the am- 
plifiers to be set. Afilter 1 40 would be required to remove 
the continuous wave from the output. In this figure and 
in figure 17, an output path at the top right is shown, 
which is unused, and provided only for balancing the ar- 
rangement 

Figure 19 shows another interferometer arrange- 
ment in which one of the optical amplifiers Is replaced 
with an electrically controlled phase shifter. An example 
of such a phase shifter is described In Photonics Tech- 
nology Letters/ June 1990,.pages 404 to 406, and Pho- 
tonics Technology Letters, August 1996, pages 1018 to 
1 020 (inland et al). The gain/loss of the arm containing 
the phase shifter can be adjusted to match that in the 
arm containing the SOA. The phase shifter can be used 
to set the desired condition of interference, to enable 
peak output for the data Input logic state being high, or 
low, or somewhere in between, as desired. 

One advantage of using such an optically passive 
device is that less ASE (amplified spontaneous emis- 
sion) noise is generated. Furthermore, by using a phase 
shift device with little or no gain variation, the interfer- 



ence condition can be controlled more easily, since 
there is independent control of gain and phase differ- 
ences between the two arms. 

The electrically controlled phase shifter need only 
s operate at low frequencies, eg below 1 Megahertz, 
when only used for tuning. If a high frequency phase 
shifter were to be provided, then combined optical and 
electrical data inputs could be handled. 

Figure 20 shows another interferometer arrange- 
to ment. If the phase shifter 1 60 is placed In the same arm 
as the SOA 1 61 , the other arm becomes a simple trans- 
mission line. This has the advantage of better balance 
in the losses between the two arms. The phase shift will 
tend to attenuate the signal. The SOA can compensate 
15 for this by amplifying the signal. Electrically tuned atten- 
uators could also be added to either arm, to balance the 
power levels. Other elements which have an optical 
phase shift in response to an optical power level could 
be used in place of the SOA. Other interferometer con- 
20 figuration such as a Michelson arrangement could be 
used. The entire device could be integrated for a low 
cost high volume production, using methods such as 
those discussed by Holland et al. 

All the arrangements discussed could be used ei- 
25 ther in the sampler or the phase detector or the non- 
linear response applications of the interferometer A two 
stage Interferometer arrangement will now be discussed 
with reference to figure 21 , which is particularly applica- 
ble to the sampler. 

30 

The Two Stage Interferonneter Arrangement 

Figure 21 shows an arrangement which would be 
suitable for replacing the single interferometer of the 

3S sampler In figure 1 2. The first stage comprises an inter- 
ferometer having SOAs 1 70 and 171. Continuous wave 
light is fed Into both arms, and data is fed into one arm. 
The gain in the first stage can be arranged to be suffi- 
cient to drive the first stage output to its limit for one level 

40 of input data (high or low depending on whether the 
stage is to be inverting or not). This effectively makes 
gradual data transitions steeper, and flattens one of the 
bgic states. 

The second stage can be arranged to drive its out- 
^ put to its limit for the other logic level. Thus the data can 
be reshaped optically. If no retiming is required, but only 
reshaping, the second stage couldrbe fed with continue fi' ^ 
ous wave light. Alternatively, the retiming coukJ be im- 
plemented by feeding the first stage with a pulse train. 
so Figure 22 shows the output power for the first stage 
versus input power, where the first stage Is an Inverting 
stage. For a bgical zero data Input, the power output Is 
high, driving the output to its limit, and thus flattening 
the togk: level 1 of the output. The output of the first 
55 stage should folbw a response curve which is less steep 
than a ^/x curve at low input powers, and Is flatter than 
the 1/x curve at higher input powers, but steeper at in- 
termediate powers. Such a shape, when used in two 
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stages results in the overall response shown in figure 
23. For good sampling of data and to produce steep 
transitions, the transition range should t>e as short as 
possible. Furthermore, the transition range should be lo- 
cated so as to be centred around the threshold between 
high and low logic states for the input signal. If inverting 
devices are used, the transition can be centred rDore 
easily since the Inversion causes the second stage re- 
sponse to balance the steepest portion of the first stage 
response, rather than accentuate it. 

In principle, a device with more than two stages 
could be constructed. Furthermore, the stages could be 
in parallel rather than in series. If in parallel, some sort 
of time division multiplexing for the two logic states 
would be required. Furthermore, the stages could be 
nonnnverting, though for interferometers at least, the in- 
verting response is preferable. Optical devices other 
than interferometers could be used if they have a non- 
linear response similar to that shown in figure 22. 

For good optical regeneration of data, a short tran- 
sition range will determine how steep the transitions of 
the change in interference condition of the secorKi inter- 
ferometer are. In turn, this can effect the sampling proc- 
ess which takes place in the second stage. If the second 
stage is fed by continuous wave light, the steepness of 
transition in interference condition will determine the 
shape of the output data transitions. 

Figure 24 shows at waveform A the data input. The 
output of the first inverting interferometer Is shown In 
wavefonm B, which has steeper transitions than wave- 
form A. The pulse train of waveform C is the other input 
to the second interferonrteter. Waveform D shows how 
the interference condition of the second interferometer 
is dependent on the output of the first Interferometer. 

The limiting action of the first interferometer would 
remove noise from the signal for the period when the 
data input is in a high state. However, noise at the low 
state of the data input, would remain on the output of 
the first inverting interferometer. However, the interfer- 
ence condition of the second interferometer, shown in 
waveform D, would exhibit little noise on either the high 
level state or the low level state. Furthermore, the tran- 
sitions in waveform D would be even steeper than those 
in waveform B, owing to the response of the type shown 
in figure 22. This leaves a relatively wide 'eye', for the 
sampling pulse of the pulse train in waveform C. Accord- 
ingly, the output waveform E in figure 24 will be relatively 
free of noise, and relatively immune to jitter in the data 
input. 

For devices or arrangements where there is a lim- 
ited amount of gain, and therefore only moderate limit- 
ing, the regeneration performance may not be as good 
in terms of jitter immunity and noise reduction, as can 
be achieved with electrical regeneration. For ^cample, 
if the gain is limited to a factor of 3, a signal at 1 0% above 
the threshold between high and low, might be increased 
to 30% above the threshold. If the threshold is set at 
50% of the maximum signal, then the output would be 



up to 80% of the maximum, and therefore the limiting 
action would be only partial. Nevertheless, it would 
clearly be beneficial, even without complete limiting up 
to 100% of the signal range. 
s If the response cun^es for the two individual stages 
are not identical, then the overall response shape can 
be altered by altering the relative gains the two stag- 
es. This adds an extra degree of freedom. In designing 
the device, the amplification characteristics of the opti- 

^0 cal amplifiers in the interferometers can be varied. The 
relative powers of the three inputs, the data input, the 
continuous wave input, and the pulse train Input, can be 
varied. Furthermore, the coupling between the two stag- 
es can be varied. In this way. the two stage device offers 

IS more flexibility for tailoring the response to the needs of 
the particular application. 

There are a number of applications where such par- 
tial optical regeneration would be useful. Firstly, inside 
an optical amplifier, eg a bi-directional optical amplifier, 

20 having multiple stages, improved performance could be 
achieved if the output of a first stage of amplification was 
subject to such partial optical regeneration, before pass- 
ing through a filter and into a second stage of amplifica- 
tion. Noise and jitter could be reduced. 

2S Secondly, Inside an optical switch, it could be useful 
to have partial optical regeneration to avoid accumula- 
tion of degradations. 

Finally, partial optical regeneration would be useful 
if applied between WDM subnetworks, for purposes of 

30 at least partial isolation, so that each subnetwork could 
be operated and specified independently of the degra- 
dattons occurring in neighbouring networks. 

Other variations will be apparent to a person skilled 
In the art, falling within the scope of tiie claims. 

35 

Claims 

1 . An Interferometer arrangement comprising an inter- 
40 ferometer for receiving an optical signal modulated 
with data to vary an interference conditkxi of the 
interferometer according to the data such that an 
output of the interferometer based on the interfer- 
ence conditkxi is responsive to transitkxis in the da- 
45 ta. 

"j^>j;->2.- The interferometer arrangement of claim 1 having 
a two arm configuratkxi. arranged such that the da- 
ta modulated optk^l signal is fed to at least one of 

so the amis, to vary the Interference conditbn. 

3. The interferometer arrangement of claim 1 or 2 
comprising means for biasing the interferometer to 
give a peak output when the data is at an interme- 

ss diate state between low and high states. 

4. A ckx;k recovery arrangement for recovering a 
ckxk from an optk^al data signal comprising: 
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the interferometer arrangement of any preced- 
ing claim; and 

means for deriving a clock signal from the out- 
put of the inteif erometer an'angement. 

5. The clock recovery arrangement of claim 4 wherein 
the deriving means comprises means for generat- 
ing an optnal ckxk signal, whose phase is depend- 
ent on the output of the interferometer arrangement. 

6. The clock recovery arrangement of claim 4 or 5 
wherein the interferometer is arranged to receive 
the generated optical ckx:k. and the interferometer 
output Is dependent on the relative phases of the 
generated optical ckx:k and the transitions in the op- 
tical data signal. 

7. The ckx:k recovery arrangement of claim 4 wherein 
the deriving means comprises a resonant fitter. 

8. An optical retiming arrangenrmnt comprising the 
clock recovery arrangement of any of claims 4 to 7, 
and an optical sampler for sampling the optical data 
signal on the basis of the recovered ckxk. 

9. A ckxik recovery device for recovering a clock from 
an optk^al data signal, the devk:e comprising: 

a phase kx:ked kx)p; wherein 
the k)op comprises an interferometer arrange- 
ment; and 

the device is arranged to recover the ck)ck op- 
tically from the optical data signal. 

10. The clock recovery device of claim 9 wherein the 
interferometer arrangement is responsive to the 
transactions in the data 

11. A phase detector for comparing the phase of mod- 
ulation of two input signals comprising: 

an opt»al comparator for receiving the two in- 
put signals in optical fonm, performing a non-linear 
operation on the signals, and outputting a signal de- 
pendent on the relative phase of the modulations of 
the two input signals. 

*ftt2:^ The detector of claim 11 further comprising means 
for distinguishing a difference frequency of the com- 
parator output, from other t3eat products of the mod- 
ulations. 

13. The detector of claim 11 or 12 wherein the distin- 
guishing means comprises a low pass filter. 

14. A clock recovery device comprising an optical pre- 
processing stage for processing an optical data sig- 
nal; and 

a resonant stage for outputting a ckx:k in re- 



sponse to an output of the pre-processing stage; 
wherein the two stages are integrated together. 

15. A method of detecting data transitions in an optical 
5 data signal using an interferometer arrangement 

comprising the steps of: 

inputting the optical data signal to the interfer- 
ometer arrangement to vary an interference 
10 condition of the arrangement; and 

biasing the arrangement to output a signal re- 
sponsive to the transitions in the data. 

16. A method of recovering a clock from an optical sig- 
is nal rrxxiulated by coded data by performing a non- 
linear optical operation on the data so as to enable 
the clock to be recovered independently of the type 
of coding used for the data. 

20 17. A method of recovering a clock from a modulated 
optical signal comprising the steps of: 

using an interferometer to perform a non-linear 
operatk>n on the modulatkm of the optical sig- 
25 nal, and 

filtering the output of the operatk>n to recover 
the ckx;k. 

18. A method of recovering a clock from an optical data 
30 signal, comprising the steps of: 

inputting the optical data signal to an interfer- 
ometer comprising an optically active element; 
and 

3S deriving a dock synchroneed to the data sig- 

nal. 

19. The method of claim 18 wherein the interferometer 
comprises a two anm interferonneter. 

40 

20. A method of comparing the phases of nrxxlulations 
of two input signals comprising the steps of: 

inputting the signals in optical form to an optrcal 
4S comparator; 

performing a non-linear operatbn on the sig- 
nals;'and • Tbii. - • * 
outputting a signal dependent on the relative 
phase of the nrKxJulatkxis. 
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